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The hallmarks of specific T-cell immunity include proliferative ex-
pansion, acquisition of effector function and memory—the long-
term maintenance of qualitatively distinct T cells at increased
frequencies1. In most viral infections, virus-specific CD8+ T cells
play a central part through two principal effector pathways: cytol-
ysis and cytokine production2–5. Specific CD4+ T cells, additionally
required for control of many infections6–8, contribute to viral clear-
ance through a variety of mechanisms including help for CD8+

and B-cell responses, effector cytokine production and cytolysis.
In addition to their functional heterogeneity, emerging evidence
indicates that respective regulation of CD8+ and CD4+ T-cell re-
sponses is fundamentally different; the distinguishing feature
being the presence of oligoclonal CD8+ but not CD4+ T-cell expan-
sions in healthy individuals9. Postulated reasons for reduced
clonal expansions of CD4+ T cells include smaller burst size and
shorter duration in acute immune responses, as well as less effi-
cient rescue from apoptosis and differential homeostatic prolifera-
tion in the memory phase10. Analyzing these differences is
important for understanding protective T-cell immunity and de-
veloping prophylactic and therapeutic vaccinations.

Here we performed a contemporaneous and longitudinal evalu-
ation of antiviral CD8+ and CD4+ T-cell responses under condi-
tions of optimal immunity; we used an infectious agent
(lymphocytic choriomeningitis virus, LCMV) that is effectively
controlled by a mouse host. Our data provide evidence of a highly
coordinated, focused and synchronized functional development
of epitope-specific CD8+ and CD4+ T-cell populations during both
primary and recall responses. However, in contrast to stable CD8+

T-cell memory, specific CD4+ T-cell memory gradually declined.
Although this decay was not associated with loss of function
among surviving CD4+ T cells, their enhanced susceptibility to
apoptosis was indicated by reduced expression of Bcl-2 and Bcl-xL.

Identification of virus-specific CD8+ and CD4+ T cells 
The introduction of major histocompatibility complex (MHC)

class I–peptide complexes for identification and enumeration of
specific CD8+ T cells has demonstrated a previously unrecognized
magnitude of virus-specific CD8+ T-cell responses11–13. These obser-
vations have stimulated speculation that proliferation-
assay–based calculations of virus-specific CD4+ T-cell frequencies
have been similarly underrated14–17. Recent functional analyses, in-
cluding those of HIV- and cytomegalovirus (CMV)-specific CD4+ T
cells, have indicated significantly higher numbers8,16,18–22.
However, in the absence of specific MHC class II–peptide reagents,
it is still unclear whether these results accurately reflect specific
CD4+ T-cell frequencies.

C57BL/6 mice generate LCMV-specific T-cell responses that rec-
ognize six different epitopes derived from the viral glycoprotein
(GP) or nucleoprotein (NP) restricted by MHC class I (Db or Kb),
and two epitopes restricted by MHC class II (IAb)11,18,23 (Table 1). In
addition to MHC class I-tetramers12,13, we have generated class II-
tetramers24,25 for function-independent identification and ex vivo
phenotyping of epitope-specific T cells. Even at the height of the
T-cell response (day 8), less than 10% of specific CD4+ and CD8+ T
cells expressed the early activation marker CD69, indicating that
most virus-specific T cells had no recent contact with viral antigen
(Fig. 1a). As observed for specific CD8+ T cells11, there was a strong
correlation between MHC class II-tetramer staining and interferon
(IFN)-γ production by specific CD4+ T cells (Fig. 1b). These data
demonstrate the functionality of MHC class II-tetramers and vali-
date the use of intracellular IFN-γ staining as an accurate assay for
enumeration of LCMV-specific CD4+ T cells.

Differential regulation of CD8+ and CD4+ T-cell immunity
T-cell responses can be divided into the three phases of expan-
sion/activation, contraction/death and maintenance/memory1. At
the peak of the primary T-cell response, approximately 7 × 107

CD8+ T cells in the spleen were specific for LCMV (∼ 1/3 of all
splenocytes). In agreement with earlier findings11 and extended to
include all known subdominant epitopes, the distribution of epi-
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tope hierarchies among specific CD8+ T-cell populations estab-
lished during the initial phase of the immune response remained
constant throughout contraction and memory phases (Fig. 2b
and c). Moreover, our results demonstrate stable CD8+ T-cell mem-
ory for virtually the entire host lifetime. In comparison, the CD4+

T-cell response, peaking 10 days after virus challenge with approx-
imately 3.5 × 106 specific cells per spleen, was approximately 20-
fold smaller (Fig. 2a). The ensuing contraction phase of specific
CD4+ T-cell populations was delayed as shown by temporary re-

duction of the specific CD8+:CD4+ T-cell ratio. However, virus-spe-
cific CD4+ T-cell memory was never stabilized and steadily decreas-
ing CD4+ T-cell counts led to a subsequent continuous increase of
the CD8+:CD4+ ratio (Fig. 3a). Throughout this decline, relative
sizes of epitope-specific memory CD4+ T-cell pools remained con-
stant (with ∼ 2/3 of the virus-specific CD4+ T-cell response directed
against the GP61 and ∼ 1/3 against the NP309 epitope). The progres-
sive loss of CD4+ T cells could roughly be divided into three
phases: during the extended contraction phase between days 15
and 45 there was an exponential decay of specific CD4+ memory T
cells with relatively short population half-lives (t1/2 GP61 = 17.4 d;
t1/2 NP309 = 17.9 d) followed by a transitional phase characterized by
progressive increase of population half-lives. Beyond day 180, ex-
tended population half-lives remained stable (403–417 d; Fig. 3b).

The burst size of specific T-cell responses has been proposed to
determine the extent of memory26. After attaining stable memory
levels on day 25, all epitope-specific CD8+ T-cell populations were
found at 6–11% of their burst sizes. At the same time, specific
CD4+ T cells were present at 19% (NP309) to 27% (GP61) of their
burst sizes due to the delayed contraction kinetics. We calculated
that memory T-cell levels comparable to CD8+ T cells, that is, ap-
proximately 5–10% of burst size, are reached around day 50 (10%)
to day 75 (5%) at which time the specific CD4+ T-cell loss is pro-
gressively slowed. Our findings thus indicate that in the absence of
further infections, levels of memory cells at 5–10% of the burst
size, in spite of continually declining CD4+ T cells, represent an
important ‘set-point’ for virus-specific T-cell memory.

Scope and focus of specific T-cell responses
To directly visualize T-cell expansion during the primary response,

Table 1 MHC class I- and II- restricted LCMV
epitopes 

LCMV epitope Sequence MHC restriction

GP33–41 KAVYNFATC Db/Kb

GP34–43 AVYNFATCGI Kb

GP276–286 SGVENPGGYCL Db

GP118–125 ISHNFCNL Kb

GP92–101 CSANNAHHYI Db

NP396–404 FQPQNGQFI Db

NP205–212 YTVKYPNL Kb

GP61–80 GLNGPDIYKGVYQFKSVEFD I-Ab

NP309–328 SGEGWPYIACRTSVVGRAWE I-Ab

GP: glycoprotein; NP: nucleoprotein.

Fig. 1 Identification of virus-specific T cells. a, Detection of epitope-specific T cells with MHC
class II–peptide and class I–peptide tetramers. The first and third panels demonstrate the speci-
ficity of class II tetramer staining tested on uninfected (IAbGP61, day 0) or infected (IAbOVA323,
day 8) mice. Dot blots are gated on live (propidium iodide-negative) CD4+/B220– T cells or live
CD8+ T cells. Values indicate the relative expression of the early activation marker CD69
among epitope-specific CD4+ or CD8+ T cells. b, Correlation of specific MHC class II tetramer
binding and IFN-γ production. Splenocytes from virus-infected (day 8, �) or uninfected (�)
mice were stained directly ex vivo with IAbGP61 tetramers or were restimulated with GP61 pep-
tide and stained for intracellular IFN-γ. Values represent mean ± 1 s.e. of 4–8 mice tested.

a b

Fig. 2 Enumeration of epitope-specific CD4+ and CD8+ T cells from activa-
tion into lifetime memory. Splenocytes were obtained at indicated time
points after LCMV infection and peptide-restimulated T cells were analyzed
for presence of all epitope-specific T cells by intracellular cytokine staining.
At selected time points, staining with MHC class I or class II tetrameric com-
plexes and ELISPOT analyses were performed in parallel. a, Total numbers
of GP61- (�) and NP309- (�) specific CD4+ T cells per spleen. b, Total num-
bers of GP33- (�), GP118- (�), GP276- (�) and GP92- (�) specific CD8+ T cells
per spleen. c, Total numbers of NP396- (�) and NP205- (�) specific CD8+ T
cells per spleen. Fractions indicate frequencies of immunodominant GP61-
specific CD4+ among all CD4+ T cells and frequencies of GP33- or NP396-spe-
cific CD8+ among all CD8+ T cells. Values represent mean ± 1 s.e. of 4–8
mice at all time points with the exception of day 921 for which only 2 mice
were available.
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we determined the extent of bromodeoxyuridine (BrdU) incorpo-
ration by proliferating CD8+ and CD4+ T cells. Over 90% of the
CD8+ and approximately 50% of the CD4+ T cells proliferated dur-
ing the first nine days of virus infection. As shown previously for
CD8+ T cells11, all virus-specific CD8+ and CD4+ T cells proliferated
in response to the virus (data not shown). The extent of specific,
antigen-driven proliferation in combination with the relative size
of the T-cell response (Fig. 4) allowed us to assess the scope to
which our analysis of epitope-specific T cells covers the complete
LCMV-specific T-cell response. We calculated that the six MHC
class I-restricted CD8+ populations accounted for almost the entire
antigen-driven CD8+ T-cell proliferation. Similar calculations
made for the CD4+ T-cell response showed that our analysis of just
two MHC class II-restricted epitopes covered more than 80% of
the CD4+ T-cell response. These results emphasize the breadth of
our epitope-specific analyses and rule out a major role for by-
stander activation in both CD8+ and CD4+ T-cell compartments.

Coordinate functional maturation of T-cell responses
Analysis of the six different MHC class I-restricted T-cell popula-
tions at the height of the CD8+ T-cell response (∼ day 8) indicated
that up to 75% of the CD8+ T cells were virus-specific (Fig. 4).
Parallel analyses of the CD4+ T-cell response revealed a virus-spe-
cific T-cell expansion that comprised at its peak (∼ day 10) up to
20% of total CD4+ T cells. There was a synchronized functional

maturation of virtually all epitope-specific T-cell populations as
shown by a gradual shift from predominantly IFN-γ–producing ef-
fector T cells during the early immune response to simultaneous
IFN-γ and tumor-necrosis factor (TNF)-α production by memory T
cells. The characteristic IFN-γ+/TNF-α+ memory phenotype was es-
tablished around day 30 and maintained indefinitely (that is,
until the latest time point tested: 921 days post-infection). Ex vivo
functional profiling of aged memory cells thus demonstrated
preservation of functional T-cell capacities.

Unimpaired functionality of aged CD4+ memory T cells
To further investigate whether the CD4+ T-cell loss is associated
with functional impairment of surviving T cells, we evaluated the
recruitment kinetics of specific memory CD4+ T cells by determin-
ing IFN-γ production as a function of in vitro restimulation time,
and we observed no significant slowing of response kinetics in late
(day 206) compared with early (day 45) memory populations 
(Fig. 5a). Old CD4+ memory T cells produced even more IFN-γ at
the single-cell level, a possible consequence of age-associated
changes in cytokine production27 (Fig. 5b). Finally, we measured
function-based avidities of specific CD4+ T-cell populations by
peptide titration. Avidities (defined as peptide concentration re-
quired to induce IFN-γproduction in 50% of a specific population)
of old GP61-specific CD4+ memory T-cell populations (day 206: 69
± 1 nM) were virtually identical to those of GP61-specific effectors
(day 8: 75 ± 9 nM). The absence of ‘avidity maturation’ during the
memory phase was further supported by concurrent analyses of
Vβ T-cell receptor (TCR) repertoires that demonstrated stable dis-
tribution of Vβ usage by specific CD4+ T cells from effector phase
to long-term memory (data not shown).

Differential regulation of CD8+ and CD4+ T-cell apoptosis
Survival of memory T cells is the result of a complex balance be-
tween pro- and anti-apoptotic factors. The anti-apoptotic function
of Bcl-2, a prototypic member of the Bcl-2 family of cell-death reg-
ulators, has been shown by rapid loss of peripheral lymphocytes in

Fig. 3 Decay of specific CD4+ T-cell memory. a, Kinetics of specific
CD8:CD4 T-cell ratio. To derive the virus-specific CD8:CD4 T-cell ratio in
the spleen, the sum of all epitope-specific CD8+ T cells (GP33, GP276, GP118,
GP92, NP396, NP205) was divided by the sum of epitope-specific CD4+ T cells
(GP61, NP309). b, Defined decline of epitope-specific CD4+ memory T cells.
The progressive decline of virus-specific memory CD4+ T cells in the spleens
of LCMV-immune mice between days 180 and 921 post-infection followed
an exponential association. Population half-lives were t1/2 = 403 days for
GP61-specific CD4+ T cells and t1/2 = 417 d for NP309-specific CD4+ T cells.
GP61, (�); NP309, (�).

a b

Fig. 4 Coordinate regulation of antiviral T-cell responses irrespective of
immunodominant determinants and T-cell lineage. Single-cell suspensions
obtained from spleen at indicated time points following LCMV infection
were restimulated with indicated MHC class I- and II-restricted peptides fol-
lowed by CD8 or CD4 surface and intracellular IFN-γ and TNF-α staining.
Dot blots are gated on CD8+ or CD4+ T cells; IFN-γ expression (vertical axis)
is displayed versus TNF-α expression (horizontal axis). Each row represents
the evolution of the indicated epitope-specific T-cell population followed
from days 0 through 447. Each column represents the distribution of an in-
dividual mouse’s T-cell response among the 6 CD8+ (GP33, GP276, GP118,
GP92, NP396 and NP205) and 2 CD4+ T-cell epitopes (GP61 and NP309). The sum
of all IFN-γ+ and TNF-α+ CD8+ or CD4+ T cells at a given time point equals
the relative magnitude of the virus-specific T-cell response (percent virus-
specific T cells).
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Bcl-2–deficient mice as well as prevention of apoptosis
by Bcl-2 overexpression28. Naive CD8+ and CD4+ T cells
of undefined specificity expressed basal Bcl-2 levels,
whereas virus-specific effector T cells demonstrated re-
duced Bcl-2 expression in agreement with the subse-
quent demise of most effector cells during the
contraction phase (Fig. 5c). Like specific memory CD8+

T cells, surviving memory CD4+ T cells expressed elevated Bcl-2
levels as compared with naive and effector cells. However, epi-
tope-specific memory CD4+ T cells showed consistently lower Bcl-
2 levels than specific CD8+ T cells (Fig. 5c and d), a difference that
was also noted for NP309-specific CD4+ and NP396-specific CD8+ T
cells. Moreover, specific memory CD4+ T cells (day 206) demon-
strated a concomitant reduction of the anti-apoptotic Bcl-2 family
member Bcl-xL (geometric mean of fluorescent intensity (GMFI) of
Bcl-xL: 32.7 ± 0.5 for GP61-specific CD4+ and 47.2 ± 1.7 for GP33-spe-
cific CD8+ T cells; P = 0.0013).

Similarity of specific primary and secondary T-cell responses
To evaluate the proliferative and functional potential of aged mem-
ory cells in vivo, we performed a direct comparison of primary and
secondary T-cell responses. The data in Fig. 2a–c allowed us to esti-
mate the ‘speed’ of specific CD8+ and CD4+ T-cell turnover during
the primary immune response. Between days 3 and 9, there was an
approximately 3,000-fold increase of GP33- and NP396-specific CD8+

T cells (11–12 divisions). The average doubling time between days 5
and 7 was approximately 6–10 hours for all epitope-specific CD8+ T-
cell populations and slowed down to 24–36 hours between days 7
and 9, comparable to recent estimates11. The antigen-driven prolif-
erative response of CD4+ T cells was less pronounced. An approxi-
mately 550-fold increase of GP61-specific CD4+ T cells between days

3 and 9 was the result of approximately 9 cell divisions. Average di-
vision rates for virus-specific CD4+ T cells were 9–20 hours between
days 5 and 7, decelerating to 20–40 hours between days 7 and 9.
Thus, the ‘speed’ of the CD4+ T-cell response was slower but compa-
rable in degree to that of CD8+ T cells.

To assess the recall response of virus-specific memory T cells,
LCMV-immune splenocytes obtained approximately 1.5 years
after primary infection were labeled with CFSE (carboxyfluo-
roscein diacetate succinimidyl diester) and transferred into con-
genic recipients followed by high-dose LCMV challenge. By 66
hours after rechallenge, most virus-specific T cells (70–90% of all
CD8+ and CD4+ T to be recruited by day 6) had proceeded through
one or more cell cycles (Fig. 6a). Moreover, the average division
rate of proliferating T cells was comparable between CD8+ (21–22
h) and CD4+ (18–19 h) T cells and doubling rates of the fastest di-
viding CD8+ and CD4+ populations (9.4 h) did not exceed the pro-
liferation rates observed in the primary response. By day 6 after
rechallenge (Fig. 6b), virtually all epitope-specific T cells had un-
dergone multiple cell divisions. Although virus was rapidly cleared
(within 3–4 d), the scope of the proliferative T-cell response was
nearly identical to the primary challenge (Fig. 6c).

Discussion
In this study we have examined commonalities and differences be-

Fig. 5 Functionality of specific CD4+ T cells and apoptosis regulation. a, Recruitment ki-
netics of virus-specific memory CD4+ T cells. Kinetics of IFN-γ production by specific
memory CD4+ T cells (day 206) was visualized by restimulation of immune spleen cells
with GP61 peptide and determination of intracellular IFN-γ content 0–9 h later as indi-
cated. All panels are gated on CD4+ T cells. b, Semi-quantitative analysis of IFN-γ pro-
duction at the single-cell level. To determine the amount of IFN-γ produced at the
single-cell level, the geometric means of fluorescence intensity (GMFI) of antibody
against IFN-γ was evaluated in early (day 45, �) and late (day 206, �) GP61-specific
memory CD4+ T cells as a function of the duration of in vitro restimulation. Values repre-
sent mean ± 1 s.e. of 3 mice analyzed. c, Differential Bcl-2 expression by naive, effector
and memory CD8+ and CD4+ T cells. Splenic T cells from naive (day 0), effector (day 8) or
memory mice (day 206) were analyzed for Bcl-2 expression. Histograms are gated on
naive (CD44Lo) CD8+ or CD4+ T cells (upper panels) and GP33-specific CD8+ or GP61-spe-
cific CD4+ effector and memory T cells (middle and lower panels). Upper right values in-
dicate GMFI of Bcl-2 expression, upper left values GMFI of isotype control. Bcl-2 staining
( — ); isotype control ( - -). d, Reduced Bcl-2 expression by epitope-specific CD4+ mem-
ory T cells. For a direct comparison of Bcl-2 expression by CD8+ (�) and CD4+ (�) T cells,
the GMFI of Bcl-2 expression in naive (CD44Lo) or virus-specific CD8+ (GP33) and CD4+

(GP61) T cells at indicated time points was divided by the GMFI of corresponding isotype
stain. The corrected values (mean ± 1 s.e.; 3–5 mice per group) are shown and are rep-
resentative for 5 independent experiments. *, P = 0.0144, Student’s t-test.
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tween antiviral CD8+ and CD4+ T-cell immunity. Although spe-
cific CD8+ and CD4+ as well as primary and secondary T-cell re-
sponses demonstrated a high degree of coordinate regulation,
differential kinetics of specific CD4+ T-cell populations resulted in
smaller responses and progressively decaying memory even under
conditions of optimal immunity. These findings indicate that
CD4+-dependent protective immunity can rely on relatively small
memory populations but is also exposed to potential impairment
under conditions of precipitated CD4+ T-cell loss (for example,
HIV infection, cancer and old age).

We have delineated differences between CD8+ and CD4+ T-cell
immunity in the three phases of activation, contraction and mem-
ory. The burst size of the virus-specific CD8+ T-cell response was
approximately 20 times larger than that of specific CD4+ T cells.
Differential costimulation requirements7 as well as limited expres-
sion of MHC class II versus ubiquitous expression of class I might
contribute to the observed differences. The demise of specific
CD4+ T cells during the subsequent contraction phase was de-
layed. Although most effector T cells are thought to die by activa-
tion-induced cell death29, the precise mechanisms remain unclear.
Interestingly, a critical step for reaching homeostatic balance
seems to be efficient removal of specific T cells by the liver30, a
mechanism that might be particular for activated CD8+ T cells31

and thus could explain the slowed contraction of specific CD4+ T-
cell pools. Also, CD4+ T-cell immunity appears compromised in B-
cell–deficient mice32,33 indicating that specific interactions with B
cells could defer CD4+ T-cell removal from lymphoid organs.

An emerging consensus indicates that long-term CD8+ and
CD4+ T-cell memory does not require persisting antigen26,34–37.
However, our use of a replicating infectious agent, although by all
accounts completely eliminated1,34, cannot categorically rule out
the persistence of antigen38 and persisting viruses might induce in-
creased frequencies or impaired functionality and clonal deletion

of specific T cells13. Among the relatively few animal studies that
have investigated maintenance of virus-specific CD4+ T-cell mem-
ory over time, several have found comparatively stable CD4+

memory to both readily eliminated (influenza14 and LCMV (refs.
17,18)) and persistent (γ-herpes16) viruses. Although two longitudi-
nal studies showed a decrease of CD4+ memory, the reduction was
only temporary and not compared with CD8+ memory15, or not
evaluated in late memory or expanded to memory CD4+ T cells of
different epitope specificities19. Moreover, a preferential decline of
HIV-specific memory CD4+ T cells was noted in subjects with long-
term highly active antiretroviral therapy (HAART)-mediated viral
suppression21. However, this phenomenon was not unique for
CD4+ T cells as a similar decline was also observed for HIV-specific
CD8+ T cells after HAART (ref. 39). Although our study was not de-
signed to resolve the issue of antigen persistence and memory, it
presents evidence for divergent conservation of T-cell memory in
the same microenvironment, that is, the stable maintenance of
CD8+ memory contrasting with waning CD4+ memory within the
same lymphatic organs. Taken together, small burst size and epi-
tope-independent progressive decline of specific CD4+ T-cell popu-
lations might contribute to the scarcity of oligoclonal CD4+

populations observed in healthy individuals9,10.
Maintaining specific T-cell memory is a dynamic balance be-

tween longevity of resting cells, homeostatic proliferation and

Fig. 6 Coordinate regulation and com-
plete mobilization of aged memory T cells
during recall responses. LCMV-immune
splenocytes (Thy1.2) obtained ∼ 18 mo after
infection were labeled with CFSE and trans-
ferred into non-irradiated, congeneic recip-
ients (Thy1.1) followed by high-dose virus
challenge. a, Histograms are gated on
donor (Thy1.2) CD8+ (left) or CD4+ (right) T
cells. Proliferation of donor T cells 3 d (66h)
after transfer and challenge is indicated by
sequential loss of CFSE fluorescence inten-
sity. Values indicate number of divisions
starting with non-divided cells (0 divisions).
Dotted line indicates CFSE-negative host T
cells. Results were from 3 mice per group.
b, Dot blots (IFN-γ versus CFSE) are gated
on donor peptide-restimulated CD8+ or
CD4+ T cells. Left column: 6 d after transfer,
mock-challenged recipients retained epi-
tope-specific donor cells (indicated percentages) at input frequencies (values in parentheses, de-
termined prior to transfer). Right column: 6 d after virus challenge, virtually all epitope-specific T
cells had undergone at least 7 cell divisions. Percentages of epitope-specific T cells among prolif-
erated, CFSE-negative cells are specified; their sum indicates that overall, ∼ 95% of proliferated
CD8+ and ∼ 92% of proliferated CD4+ T cells could be accounted for regarding epitope speci-
ficity. c, Similar extent of T-cell proliferation during primary and recall responses. For analysis of
proliferation following primary challenge (�), BrdU incorporation by T cells during the first 9 d
following infection was determined. For secondary responses (�), percentage of proliferated T
cells was assessed 6 d after rechallenge by loss of CFSE in transferred donor cell populations.
Values indicate mean ± 1 s.e. of 3–4 mice tested in 1 of 2 independent experiments.
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programmed cell death40. Surprisingly, homeostatic proliferation
rates were independent of immunodominant determinants,
MHC-restriction and age (D.H., unpublished observations) indi-
cating that differential apoptosis regulation might be a factor in
memory CD4+ T-cell loss. Similar to virus-specific CD8+ T cells41,
differential Bcl-2 expression by naive (basal), effector (low) and
memory (high) CD4+ T cells corresponds to basal, reduced and in-
creased population survival, respectively. Increased Bcl-2 expres-
sion by memory CD4+ T cells is not revealed by analysis of CD44Hi

CD4+ T cells due to a wide range of Bcl-2 expression indicative of
considerable heterogeneity among this T-cell subset (data not
shown and ref. 41). Nevertheless, a direct comparison of specific
CD8+ and CD4+ T cells demonstrated that elevated Bcl-2 as well as
Bcl-xL levels of memory CD8+ T cells consistently and significantly
exceeded those of CD4+ T cells. Thus, reduced levels of ‘survival
factors’ in CD4+ T cells might lead to less efficient rescue from
apoptosis and gradual loss of CD4+ memory.

Although numerically vast, the acute LCMV-specific T-cell re-
sponse is tightly focused. In agreement with other reports, we
have obtained no evidence for significant bystander activation of
CD8+ T cells11. Our analyses also exclude a major role for bystander
activation in the CD4+ compartment. In addition to its non-dissi-
pative nature, the virus-specific T-cell response demonstrated a
highly coordinated functional regulation from effector to memory
phase as shown by shifting T-cell cytokine profiles. Although es-
sential elements of this functional maturation have been noted
earlier42, we report here both the functional evolution of epitope-
specific CD8+ T-cell populations independent of immunodomi-
nant determinants and the synchronized maturation of
epitope-specific CD4+ T-cell responses. Moreover, the characteris-
tic IFN-γ+/TNF-α+ double-positive cytokine profile8,42 was main-
tained for life by all surviving memory T cells. Similar to
virus-specific CD8+ T cells (ref. 42 and D.H., unpublished data), re-
cruitment kinetics and avidities of specific CD4+ memory T cells
were comparable to effector populations of the same specificity.
Corresponding in vivo data confirmed that aged CD4+ and CD8+

memory T cells retained their capacity to rapidly respond to a
rechallenge and mediate accelerated virus control. Increased pre-
cursor frequencies of specific T cells with committed effector func-
tions are the cardinal element of this ‘accelerated’ response since
both the overall extent and speed of proliferation were nearly
identical to the primary response. Average division times of 6–10
hours observed in the primary response—prompting comparison
of T cells with germinal center B cells—likely pose a physiological
limit that could not be exceeded by even the fastest-dividing pop-
ulations during the secondary response. Finally, proliferation of
virtually all specific memory T cells indicates that ‘secondary
memory’ is the direct progeny of secondary effector T cells. The
latter findings extend the recently proposed linear development
of ‘primary’ CD8+ T-cell memory43 to ‘secondary memory’ follow-
ing rechallenge as well as to the CD4+ compartment. Overall, the
pronounced similarities of CD8+ and CD4+ T regulation in both
primary and secondary response might reflect common evolu-
tionary roots in the innate inflammatory response44.

In conclusion, our data indicate that immunization at an early
age generates life-long CD8+ but progressively waning CD4+ T-cell
immunity. The selective loss of specific CD4+ T cells might require
intermittent stimuli such as exposure to antigen or booster vacci-
nations to rescue CD4+ T cells and maintain complete immunity
over long periods of time. Conversely, conditions precipitating
CD4+ T-cell loss such as HIV infection45 might compromise immu-
nity in spite of specific CD8+ T-cell maintenance.

Methods
Mice. C57BL/6 (DbKbIAb; Thy1.2) and congenic (DbKbIAb; Thy1.1) mice were
obtained from the Rodent Breeding Colony at The Scripps Research Institute
and housed under specific pathogen-free conditions.

Virus. The Armstrong strain of LCMV, clone 53b, was used throughout all ex-
periments. LCMV was plaque-purified 3 times on Vero cells and stocks pre-
pared by a single passage on BHK-21 cells. 8–12-wk-old mice were infected
with a single intraperitoneal (i.p.) dose of 1 × 105 plaque-forming units
(p.f.u.). For secondary challenge, mice were inoculated with 106 p.f.u. LCMV
i.p.

Antibodies. For flow cytometry and ELISPOT assays, we used the following
fluorescein isothiocyanate (FITC), phycoerythrin (PE), CyChrome, peridinin
chlorophyll-a protein (PerCP) or allophycocyanin (APC) conjugated, biotiny-
lated and/or purified antibodies (PharMingen, La Jolla, California): CD4 (RM4-
5), CD8a (53-6.7), CD40L (MR1), CD44 (IM7), CD69 (H1.2F3), CD45R/B220
(RA3-6B2), Vβ-8.1/8.2 (MR5-2), Thy1.2 (53-2.1), IL-2 (JES6-5H4), IFN-γ (R4-
6A2, XMG1.2) and TNF-α (MP6-XT22). For 5- and 6-color flow cytometry,
CD8a (53-6.7) and CD4 (H129.19) Red613-conjugates (Gibco, Carlsbad,
California) as well as Streptavidin-PharRed (PharMingen) were used .

MHC class I and II tetramers. DbGP33, DbNP396, DbGP276 and KbGP34 tetramers
were obtained as APC- or PE-conjugates from the Tetramer Core Facility,
Emory University, Atlanta, Georgia. In some cases, biotinylated MHC–peptide
monomers were tetramerized immediately before use. Staining with MHC
class I tetramers was performed at a 1:50–1:100 dilution in the presence of
various surface antibodies for 30 min at 4 °C. KbGP34 tetramers were used in
conjunction with the CT-CD8a clone (Caltag, Burlingame, California) to min-
imize crossreactivity between reagents. Since the GP33-41 peptide is also recog-
nized in the context of Kb (ref. 23), CD8+T cell frequencies obtained with GP33

peptide in functional assays roughly correspond to the sum of DbGP33- and
KbGP34-specific CD8+T cell frequencies (D.H., unpublished
observation).Construction, expression, purification and tetramerization of IAb

tetramers presenting tethered LCMV peptides and control IAb tetramers dis-
playing the ovalbumin323–339 epitope were performed as described for IAg7

tetramers24. Staining was performed in a 0.1% BSA/0.1% NaH3 PBS buffer for
90 min at 37 °C. Various surface antibodies as well as antibodies against CD4
and B220-CyChrome or -PerCP were added for the final 30 min. Propidium
iodide was added at a final concentration of 5 µg/ml to allow analytical exclu-
sion of dead and B cells in the same channel.

Flow cytometry and cytokine ELISPOT. Single-cell suspensions obtained
from lymphatic organs were restimulated for 5 h with 1 µg/ml MHC class I-re-
stricted (PeptidoGenic, Livermore, California) or 2 µg/ml MHC class II-re-
stricted (Chiron, Clayton Victoria, Australia) viral peptides in the presence of
10–50 U/ml recombinant human IL-2 (PharMingen) and 1 µg/ml brefeldin A
(Sigma). Staining of cell-surface antigen and intracellular antigens was per-
formed as described8. Negative controls were peptide-restimulated cells ob-
tained from uninfected mice, cells restimulated for 5 h in the absence of viral
peptides and cells stained with conjugated cytokine-specific antibodies pre-
incubated for 30 min at 4 °C with an excess of recombinant cytokine. Cells
were acquired with FACSort or FACSCalibur flow cytometers (Beckton
Dickinson, San Jose, California) using Cell Quest software (Beckton
Dickinson). For 5- and 6-color analyses, a FACSVantage SE flow cytometer
(Beckton Dickinson) was used. ELISPOT assays were performed and evaluated
as described8.

In vivo proliferation assays using BrdU and CFSE. A bromodeoxyuridine
(BrdU; Sigma) solution of 0.8 mg/ml sterile water was prepared fresh daily
and supplied as drinking water for the first 9 d of virus infection. Intracellular
detection of BrdU and cytokines in peptide-restimulated T cells was per-
formed using reagents and protocols provided by manufacturer (BrdU flow
kit, PharMingen). For CFSE labeling, memory T cells (Thy1.2) were enriched
by depletion of B220+ cells using magnetic beads (Dynal, Lake Success, New
York). Enriched cell populations were resuspended at a concentration of 1 ×
107/ml in prewarmed PBS/0.1% BSA and incubated for 10 min at 37 °C with
1.5 µl of a 5-mM CFSE stock solution (Molecular Probes, Eugene, Oregon).
After washing, cells were resuspended in PBS and transferred intravenously
into non-irradiated congenic (Thy1.1) recipients followed immediately by
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virus or mock challenge. Shortest division times were calculated by dividing
time after challenge (66 h) by number of divisions (7) completed by the pop-
ulation with lowest CFSE fluorescence intensity. Mean division time was cal-
culated by adding the products of relative population size (that is, fraction of
cells per completed division among all cells that have undergone at least 1 di-
vision) and corresponding division time (ranging from 9.4 h for population 7
to 66 h for population 1).

Bcl-2 and Bcl-xL stains. Bcl-2–specific antibody (3F11) and isotype control
(A19-3) were obtained as PE-conjugates and used for intracellular staining ac-
cording to manufacturer’s instructions (PharMingen). The PE-conjugated
7B2.5 antibody was used for specific detection of intracellular Bcl-xL

(Southern Biotechnology Associates, Birmingham, Alabama). This antibody
recognizes both human and rodent Bcl-xL.

Statistical analyses. Data handling, analysis and graphic representation was
performed using Prism 2.01 (GraphPad Software, San Diego, California). The
exponential decay of specific CD4+ T is described by the association n = a × e–bt

+ c, where n = number of specific CD4+ T cells in spleen; t = time after virus
challenge; and a, b and c = constants with c fixed at c = 0.
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